Introduction
In the last decade great interest has been focused on human mesenchymal stem cells (MSCs) because of their differentiation potential into mesodermal cell types including the classical tri-lineage potential of adipogenesis, chondrogenesis and osteogenesis [1, 2] . Additional plasticity for differentiation of MSCs into cardiogenic and myogenic as well as non-mesodermal cell types such as neuronal cell has been postulated [3] [4] [5] . However, this non-lineage restricted transdifferentiation pat- Lindner/Kramer/Rohwedel/Schlenke vitro incubation in a humidified atmosphere using plastic tissue culture flasks. After a few days a heterogeneous population of adherent cells was observed. Within the first days of cultivation, small colonies of fibroblastoid cells appeared, surrounded by other mononuclear cell types. In this assay system, fibroblastoid cells were referred to as colony forming unit fibroblasts (CFU-F). The physiological impact of CFU-F in vivo was initially reduced to the support of hematopoiesis [29] .
Based on these findings, Owen [30] suggested in 1985 the existence of 'stromal' stem cells, residing in their own niche and with the ability to self-renew and to generate mature 'stromal' cells. The BM stroma or such 'stroma' cells produce extracellular matrix proteins and additional soluble substances for the support of hematopoiesis and to complete the hematopoietic stem cell niche in its entirety.
tern may also be explained by mechanisms such as dedifferentiation or cell fusion [6] [7] [8] .
Historically MSCs were derived from human bone marrow (BM) [1, 9] . Actually, tissue resident cells with characteristics of MSCs have been isolated from other than BM tissues like umbilical cord blood [10] , adipose tissue [11] , salivary glands [12] , and from human organs like the gut [13] . Despite the terminology routinely applied, whether MSCs might fulfill the minimal criteria of 'true' stem cells remains a legitimate question. In contrast to hematopoietic stem cells (HSCs), which can repopulate the BM and differentiate into all blood types [14] , and embryonic stem cells (ESCs), which take part in embryonic development of all tissues after re-injection into early embryos [15] , no comparable in vivo tests have been established for MSCs. Recovery of MSCs mostly have been performed by simple plastic adherence and the assessment of morphological criteria such as the fibroblastoid phenotype. This procedure resulted in a heterogeneous population which contain both single stem cell-like cells as well as progenitor cells with different lineage commitment ( fig. 1 ). Due to the lack of a unique MSC function, these populations were termed 'mesenchymal stem cells' or synonymously 'marrow stromal cells', 'BM stromal cells' and 'mesenchymal stromal cells' [16] [17] [18] . Due to specific features which indicate more primitive subsets of MSCs with a higher differentiation capacity [reviewed in 19], some authors described the cells as 'multipotent adult progenitor cells' (MAPC) [20] , 'marrowisolated adult multilineage inducible cells' (MIAMI) [21] or 'multipotent adult stem cells' (MASC) [22] .
Despite increasing interest in fundamental research and its translation into clinical applications in recent years, the understanding of MSC biology remains rudimentary. At the moment, the physiological features of MSCs in vivo are not completely understood, since most of the insights are based on indirect evidence, mainly from in vitro studies dealing with MSC cultures. Currently, MSCs are still identified by a combination of in vitro observed morphological, immune phenotypical and differentiation characteristics including their classical tri-lineage differentiation capacity [23, 24] . The entire field is lacking strong data supporting engraftment and functional in vivo integration of MSCs [reviewed in 25] . Therefore, in vivo cell imaging to determine the tissue-specific location and migration of MSCs might help to better understand MSC biology and their in vivo 'niche' [114] . For example, in vivo tracking of MSCs might also result in a better understanding of regenerative techniques which use direct in vivo guidance of the cells to a defect without previous in vitro culture [26] .
History of Mesenchymal Stem Cells
Non-hematopoietic, 'mesenchymal' precursor cells derived from BM were first described by Friedenstein et al. at the beginning of 1970s [27, 28] , who isolated BM followed by an in After Friedenstein and colleagues [45] described the presence of multipotent MSCs in thymus and other lymphoid organs, MSCs were also isolated from other tissues than BM, e.g. from adipose tissue, cartilage, salivary glands or cord blood (table 1). As another source also the peripheral blood is discussed [reviewed in 46] . Depending on the source and the native or cultivated state of the MSC population characterized, differences were observed in regard to the immunophenotype, cytokine profile, and results obtained by proteome analysis [47] [48] [49] . Despite of attempts for establishing generally acceptable minimal criteria for defining human MSCs by immunophenotyping, the functional capability to differentiate along the classical tri-lineage mesodermal pathways remains one fundamental criterium of this cell type.
In vitro Mesodermal Differentiation Potential of Mesenchymal Stem Cells
The in vitro differentiation of MSCs into the three classical lineages is easily achieved. Representative samples of inductive reagents employed in a number of studies are shown in fig. 2 ). For adipogenesis, the most employed agents are those that increase the intracellular levels of second messenger cyclic adenosine monophosphate (cAMP), e.g. methylisobutylxanthine.
Other substances such as dexamethasone are ligands of glucocorticoid receptors and the peroxisome proliferator activated receptor gamma (PPARg). Therefore, for the confirmation of adipogenesis expression of PPARg is detected via biochemical assays [50] . Other gene markers which have been used for detection of MSCs differentiated into adipocytes are fatty acid binding protein 4 and lipoprotein lipase. Furthermore, the secretion of adiponectin and leptin could be measured [51] [52] [53] .
The differentiation into osteoblasts is determined by upregulation of alkaline phosphatase activity and deposition of a mineralized extracellular matrix. The mineralized matrix can be detected with Alizarin Red or von Kossa stain ( fig. 2 ). Additional biochemical assays detect alkaline phosphatase activity or secreted osteocalcin [54, 55] . Further osteogenic marker proteins are bone sialoprotein and osteopontin, which are also proved using biochemical assays [56] . Differentiation into osteoblastic lineage can be also detected by changes of cell surface expression of STRO-1 and alkaline phosphatase antigen during the in vitro development to osteoblasts [57, 58] .
Chondrogenesis is most effectively, when 3D models are used. Therefore, MSCs were centrifugated to form pellets (so-called micromass bodies), or cells are embedded in hydrogel like agarose or alginate [59, 60] . Recently, a cell saving cultivation method via so-called mesenchymal microspheres has been demonstrated to be beneficial for chondrogenic as In the 1980s further work made clear that the cells identified by Alexander Friedenstein and colleagues were multipotent in the sense that they give rise to osteoblasts, chondrocytes and adipocytes [17] . The frequency of CFU-F or 'stromal' stem cells was investigated for different species and sources and seemed to be dependent on the culture conditions and experimental settings performed [2, 17] . Furthermore, different external factors like growth factors and culture media were explored for its influences on the frequency and size of CFU-Fs. Platelet derived growth factor (PDGF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), transforming growth factor-beta (TGF-β), and insulin-like growth factor 1 (IGF-1) were tested positive for proliferation of CFU-F [31] [32] [33] [34] [35] .
Based on Friedenstein's studies on the origins of these cells in the BM, Caplan [36] [37] [38] delineated the mesengenic process of cellular differentiation from immature rather stem and progenitor cells to multiple mature cell types of the mesodermal lineages (e.g. adipocytes, chondrocytes, osteoblasts). In this way, Caplan introduced the term 'mesenchymal stem cell' to describe these cells with stem cell-like feature. Mesenchyme originally describes the embryonic loose connective tissue that is derived from the mesoderm and that develops into hematopoietic and connective tissue.
The term 'mesenchymal stem cell' is controversially discussed. Some investigators in the field prefer the term 'mesenchymal stromal cell', especially because the stem cell 'label' seems at least not always appropriate, especially for connective tissue cells that form the supportive structure (scaffold) of an organ [39] . Particularly, the relationship of MSCs to other stromal cells like fibroblasts is still discussed [reviewed in 40] . Both fibroblasts and MSCs show a spindle shaped morphology and express the panel of CD marker molecules which is required according to the minimal criteria of MSCs [41, 42] . Multipotent differentiation of fibroblasts has also been reported [43, 44] . Moreover, fibroblasts represent a diverse population of cells increasing the complexity of stromal cell biology. In fact, MSCs and fibroblasts are dynamic cells from at least the same lineage. These proliferating cells might also share the capacity of deand redifferentiation, which means that overlapping biological impact of both cell types is possible. Lindner/Kramer/Rohwedel/Schlenke esis inhibit osteogenesis and vice versa [68, 69] . Furthermore, it is known that PPARg ligands have inhibitory effects on osteogenesis while alendronate have stimulating effects on osteogenesis and simultaneously suppresses adipogenesis [70, 71] . In contrast, other ligands were detected having stimulating effects on both lineages [72] . Thus, further investigations concerning reciprocal influences of lineage pathways are needed.
Phenotyping and Isolation of Mesenchymal Stem Cells
Flow cytometry is a powerful and easy to handle approach for immunophenotyping of cells using fluorescence labeled monoclonal antibodies (mAbs) against cell surface antigens. The cell surface antigen profile of MSCs has been well explored, and in recent years various combinations of cell surface markers were published for characterizing MSCs of different sources and species [73] (table 3) . However, no unique and specific marker has been described to adequately define MSCs exclusively, and in scientific practice it is still required to define MSCs by their differentiation capacity [23] . Over the years, a lot of attempts were made to define international minimal standards for the characterization of MSCs by flow cytometry based immunophenotyping. For example, as part of minimal criteria proposed by the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy MSCs must be positive for CD105, CD73, and CD90
well as adipogenic and osteogenic differentiation of MSCs [61] . Chondrogenesis is histochemically detected by toluidine blue or safranin-O staining, after micromass bodies were embedded in paraffin and cut in ultrafine sections. Proteoglycans can be detected as indicator for chondrogenesis using the safranin O or toluidine blue based staining procedure. Furthermore, chondrogenesis can also be verified by biochemical assays for the detection of glycosaminoglycan content or collagen IX and versican. MSCs which were induced into the chondrogenic pathway need also to synthesize the major cartilageneous proteins collagen II and aggrecan in sufficient quantities. This is an essential attribute in order to use MSCs for muscoloskeletal repair [62] . Chondrogenesis can be enhanced by placing the cells into synthetic scaffolds [63] . Other factors, which may play essential roles for the regulation of chondrogenesis and the quality of tissue obtained after differentiation are extra cellular matrix, mechanical stimuli and hypoxia [64] [65] [66] .
In vitro cultured MSCs show great heterogeneity with respect to their differentiation potential ( fig. 1) . Although investigations in established MSC cultures show them to be multipotent, with a tri-lineage differentiation potential, in clonal assays it could be observed that only one third of these MSCs are multipotent [67] . Thus, a minority of cells seems to be multipotent, with most of them having bi-or only uni-lineage differentiation capacity. It is hypothesized that the heterogeneous MSC population contains a small pool of immature cells with tri-lineage multipotency. Other isolated MSCs have lost their tri-lineage multipotency while passing through different stages of maturation, ending with an only unipotent differentiation capacity ( fig. 1) [17, 67] . On the other hand, it is hypothesized that reagents used for induction of adipogen- such as culture conditions, especially in long-term in vitro cultures, may influence the homogeneous growth of MSCs and cause a pattern of heterogeneity in MSC outgrowth, which might expressed by artificial or physiological maturation of MSCs to a still undefined extent. For that reasons MSC cultures generated from different species, by different isolation procedures or under different cultivation conditions might express similar but not necessarily identical cell surface marker profiles. Thus comparability of studies is hard to assess, and conclusions have to be carefully balanced. Another focus is the identification of markers allowing the prospective isolation of MSC subpopulations with rather multipotential differentiation capacity from fresh tissue. The best known MSC marker, STRO-1, was used for the enrichment of such immature cells from BM derived MSCs. However, its exclusiveness could not be confirmed [24] . Other attempts included magnetic cell separation or fluorescence activated cell sorting (FACS) using different cell surface markers such as CD49b, CD105, CD73, CD200, CD271, SSEA-1 and SSEA-4 [reviewed in 73, 74] . However, all these markers are also expressed on other cell types. Thus, antibody based isolation of MSCs may be a valuable tool for an initial step of pre-enrichment of MSCs, but cannot guarantee for purity of in vitro expanded MSCs or the disadvantageous exclusion of an important MSC subpopulation.
A frequently described marker is the low affinity NGF receptor (NGFR/CD271) used for the purification of MSCs from BM mononuclear cells [75] [76] [77] . This glycoprotein, although expressed in the nervous system, has been detected on melanocytes, monocytes and lymphocytes. CD271+ cells are able to differentiate into multiple mesenchymal lineages. As reported by Jones et al. [76] CD271 seems to be the most appropriate marker for the isolation and enrichment of BM derived MSCs. This marker is highly expressed on MSCs in vivo and selected MSCs from cell types also expressing hematopoietic markers [76] . Using additionally D7-FIB (a fibroblastoid surface antigen with unknown function) and CD45 (hematopoietic marker), rather multipotent MSCs were isolated that can give rise to different mesenchymal lineages [75] . Thus, CD271 may become the attribute of a relatively specific and selective marker for native MSC purification which limits the degree of contaminations by other cells.
Is 'Mesenchymal Stem Cell' a Proper Term?
Despite the terminology routinely applied, whether MSCs qualify as 'stem cells' remains a legitimate question. ESCs generated from early stages of embryonic development before gastrulation takes place (blastocyst) are pluripotent stem cells since these cells have the capacity to differentiate into all different cell types of an organism. In contrast, adult stem cells usually feature a more restricted spectrum of differentiation. The best known and examined adult stem cell populaand negative for CD45, CD34, CD14 or CD11b, CD79a, or CD19, and HLA-DR [39] . However, none of these markers or marker combinations seems to be a reliable parameter for characterizing the stemness of each investigated MSC population or being suitable to gain purity of MSC culture. Factors Lindner/Kramer/Rohwedel/Schlenke
Because the experimental proof whether MSCs or even their subsets fulfill the stem cell definition is still lacking -on a single cell level -, the term 'stem cell' seems to be inappropriate. Furthermore, ex vivo generated MSCs are a heterogeneous population, containing only a fraction of cells with selfrenewal potential and multipotency [82] . Thus, we prefer the term 'mesenchymal stromal cells', as proposed by the International Society for Cellular Therapy [83] . The term 'stroma cells' describe connective tissue cells that form the supportive structure in which the functional cells of the tissue reside. This is an accurate description for one function of MSCs [29] .
Furthermore, because of the heterogeneity of the MSC population and different isolation techniques used among laboratories, the characteristics defining MSCs are inconsistent. This results in the inability to compare studies from different groups. In addition, investigators have isolated MSCs from different sources [14] . To adequately compare the biological properties and experimental reports on MSCs, we also refer to the consensus minimal criteria for defining 'mesenchymal stromal cells'. This definition implies as criteria: i) the adherence to plastic, ii) the expression of specific surface antigens and iii) the in vitro differentiation into the classical tri-lineage pathways. More than 95% of the MSC population must express CD105, CD73 and CD90, as measured by flow cytometry. Additionally, these cells must lack expression (<2% positive) of CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA class II (HLA-DR; table 3) in order to exclude HSC contaminations.
Alternative approaches for experimental investigations close to in vivo conditions are necessary to detect MSCs with multipotency in in vitro stem cell cultivation. Besides the biological availability of a highly specific single marker for the detection and isolation and expansion of MSCs, novel technologies are highly desired to expand MSCs in a relatively non-manipulated state on large scale for clinical proposes. This topic is depicted in more detail by Freimark et al. [115] in this issue.
Another obstacle to the study of MSCs is the lack of precise knowledge regarding their in vivo identity. This is a prerequisite for designing an in vivo assay for MSCs. It is proposed that the perivascular compartment is a MSC stem cell niche, indicating that MSCs can be characterized as pericytes [24, 82] . Pericytes reside in the microvessels of every connective tissue. Therefore, some authors suggest that the wide distribution of pericytes as in situ counterpart of MSCs explains why MSCs can be isolated from different tissues [74] . On the other hand, pericytes isolated from skeletal muscle are spontaneously myogenic and non-osteogenic [84] . The identification of the in vivo identity of MSCs will be another key result toward the therapeutical implementation of this promising cell type. Therefore, further studies of pericytes' biology may provide clues to the in vivo identity of MSCs in the future. tion are the HSCs. HSCs are defined by their potential -on a single cell level -to in vivo regenerate and maintain the blood, reflecting their lineage restriction [78, 79] . Actually, multipotent HSCs are able to produce all blood and immune cells in its complexity under steadystate hemostasis as well as on stress induced demand for a lifetime. This HSC property is biologically linked to a tightly regulated balance between selfrenewal of still multipotent daughters and their differentiation induction into lineage-committed progenitor cells.
Based on this conservative and strict definition of 'true' stem cells, it is currently not possible to confirm that MSCs fulfill these properties. First, an at least time limited or lifelong self-renewal capacity of human MSCs could not be proven. Moreover, the inductive in vitro differentiation capacity of MSCs after application of induction media is not comparable to the hematopoietic repopulation which takes place in NOD/ SCID mice after transplantation of 'true' HSCs.
Thus, some of the inherent biological properties of the HSC concept are not necessarily transferable to other adult stem cells. For example, HSCs can be transplanted in vivo via circulation and distributed highly effective without in vitro culture. The regeneration of a skeletal defect requires a local transplant, and therefore skeletal progenitors have to be isolated and in vitro expanded. Furthermore, the capacity of selfrenewal relates just to the rate of tissue turnovers. For example, the whole skeleton turns over 3-5 times during adulthood. Thus, considering self-renewal and multipotency for defining characteristics of adult stem cells requires the development of an in vivo assay based on the same strict principles as it is used for defining HSCs. But it should be adapted to the specific biology of the cell type under study. Such studies are of utmost importance also for prospective therapeutic approaches in regenerative medicine, particularly in order to verify any already today promised clinical applicability of MSCs.
Up to now, stem cell-like characteristics of MSCs were primarily evidenced using indirect systems such as experiments using in vitro cultivation of BM mononuclear cells or other tissue derived cells. The primary in vitro culture only includes a subset of MSCs with multipotency [80, 81] . Several attempts were made to isolate this subset of MSCs by immunophenotyping as reported above. Thus far, no markers are available to distinguish multipotent MSCs from more committed progenitor cells. So, most information is derived from in vitro studies based upon BM cells being 'heterogeneous' with respect to the specific markers expressed on their cell surface. In these in vitro approaches, MSCs were also usually exposed to culture conditions that are far different from those present in their in vivo stem cell niche. Consequently, it is difficult to compare the results from these in vitro studies with the in vivo situation. The above mentioned complex phenotype becomes even more diverse if one takes into account that some of the antigens are down-or up-regulated on MSCs (sub)populations during in vitro cultivation, adding further complexity to experimental findings. logy could be linked to an anatomically recognizable cell type in situ. Pericytes or fibroblasts found in different tissues are possible candidates.
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Conclusions
Up to now, it is impossible to identify and enrich a subset of the heterogeneous pool of MSCs, which could be functionally probed in vivo in order to confirm their stem cell characteristics. Until suitable markers will become available for the detection and isolation of such a subset, MSCs will represent a heterogeneous pool of cells with the only assured in vivo function of providing a microenvironment for other stem cells. Taken these facts into consideration, the term mesenchymal stromal cell is a proper and superior designation, expressing at least one approved in vivo function of this cell type. Ultimately, it would be desirable for the future that our current, fragmented knowledge about mesenchymal stromal cell bio-
